Wearable sensing technology is a category of technology devices worn by subjects that allow continuous physiological monitoring with reduced manual intervention and at low cost. Wearable sensors concerned with quantification of movement have been the focus of research efforts to further enhance clinical assessment of motor dysfunction. The aim of these efforts is to shift clinical assessment of motor dysfunction from the current subjective methods applied in some rating scales to quantifiable and accurate measures and to provide long-term quantified measures that monitor the patient\'s condition and overall motor progression [@bib1], [@bib2], [@bib3], [@bib4]. In the past couple of decades, there have been significant advances in the miniaturization, proliferation, accessibility and sophistication of sensor technology. These advances have fueled the exploration and implementation of wearable sensors and feedback devices for the mass population with the main objective of improving healthcare. Monitoring a patient\'s health status remotely and continuously for a long duration without the need for hospitalization not only provides the opportunity for better management of the patient\'s condition, but also reduces the consequent healthcare costs [@bib5], [@bib6], [@bib7].

Wearable sensors in healthcare applications can be categorized based on the measured entity into the following subtypes: biopotential sensors, optical sensors, stretch and pressure sensors, chemical sensors, and inertial measurement units \[[Fig. 1](#fig1){ref-type="fig"}\].Fig. 1Diagram showing the different categories of wearable sensors, common body fixed positions based on sensor type, and a general summary of health related applications [@bib16].Fig. 1

Commercially available devices of the different sensor types have been gradually increasing. For example, existing biopotential sensors, include a wearable EEG system that is designed for brain monitoring and cognitive assessment and has been used in different studies for brain computer interface development, emotion recognition and assessment of auditory events [@bib8], [@bib9]. Other examples include a chest strap [@bib10], which acts as a portable ECG device designed for heart rate monitoring commonly used in fitness domains. Stretch sensors have been used for human body motion sensing [@bib11] and monitoring of chronic diseases [@bib12].

The incorporation of wearable sensors in rehabilitation and disease management applications has also seen its fair share of growth over the past few decades [@bib13], [@bib14], [@bib15]. In the most part, wearable sensors have been used to facilitate the implementation of home-based rehabilitation and therapeutic programs. The importance of such systems in monitoring patients suffering from movement disorders lies in their ability to provide objective and continuous quantification of patients\' movements. This has been a main concern for physicians, seeing as common evaluation of movement disorders is normally conducted through clinical visits that include subjective methods and are spread out over long periods of time: an issue which hinders the physician\'s ability to properly evaluate the patient\'s progression. The following sections include the basic elements of wearable sensor-based monitoring systems used for the evaluation of movement disorders, a review of some of the applications of such systems, and finally a discussion of their clinical application.

Wearable monitoring systems for the quantification of movement {#sec2}
==============================================================

The quantification of human movement is based on key technologies that can be summed up into three parts: the sensors and data collection hardware, the communication hardware and software to transfer the collected data, and finally the processing and analysis methods used to extract meaningful information from the collected data. The current methods for physical activity monitoring and motion analysis are mostly based on inertial parameters such as acceleration, angular velocity, and in some cases by measuring the magnetic field surrounding the subject. These inertial parameters are well established as suitable measures for quantifying and analyzing states of rigid body kinematics [@bib17]. Because of the segmental decomposition of the human body defined in biomechanics, these parameters have shown great relevance in quantifying movement, detecting pathological aspects and movement dysfunction, and assessing performance. As the understanding of the complexity of simple human movements and gestures grew along with the advances in electronics technology, micro-electromechanical systems (MEMS) emerged, allowing for the combination of multiple sensors into miniaturized devices along with processors and data storage capabilities [@bib18]. As a result, major leaps in the field of inertial sensing followed, leading to the development of IMUs [@bib19], which are devices that house a number of sensor components and aim to better quantify different aspects of complex movements [@bib20], [@bib21], [@bib22].

Generally, quantification of patient movement for the evaluation and detection of disorders follows the scheme in [Fig. 2](#fig2){ref-type="fig"}. While several advances have been made in this domain, certain design issues have been addressed in recent years. Some of these issues include choice of sensors, optimal sensor positions, data collection protocols, as well as attribute selection [@bib23]. However, the large scope of sensors, methods and applications considered, has made it very difficult to properly identify optimal conditions for quantification of movement disorders for implementation in clinical assessment.Fig. 2General scheme of development of a monitoring system for the quantification of movement.Fig. 2

Clinical applications of wearable sensors {#sec3}
=========================================

One of the most common clinical applications of wearable sensors is in the field of movement disorders, where patient movement is monitored in an objective and continuous manner during day-to-day activities or through clinical assessments during patient visits. [Table 1](#tbl1){ref-type="table"} introduces some of the recent literature dedicated to this subject, showing the quantified movement disorder, sensor choice and placement, and the protocol of activities for data acquisition.Table 1Recent literature on the implementation of wearable sensors for evaluating and quantifying movement disorders.Table 1ReferenceMovement disorderSensorPlacementProtocolRigas 2012 [@bib24]TremorAccelerometersRight and left wrist, right and left leg, chest and waistPostural activitiesMariani 2013 [@bib25]GaitPhysilog moduleOn-shoe fixationStandard 3-m TUG and gait testsCole 2014 [@bib26]Tremor & DyskinesiaTriaxial accelerometers and sEMGWristunconstrained activities of daily living in home environmentBernard 2015 [@bib27]Motor response fluctuationsTriaxial accelerometerLower backWalking and being inactive (i.e. lying, sitting)Lennon 2015 [@bib28]DyskineisaAccelerometer & gyroscopesWrists and anklesDaily life activitiesJalloul 2015 [@bib29], [@bib30]DyskinesiaShimmer IMUsAnkle, hip, thigh, neck, wrist and armSimple daily life activitiesHowcroft 2016 [@bib31]GaitPressure-sensing insoles and Triaxial accelerometersHead, pelvis, and Left and right shanksDual-Task gait exercisesBourke 2016 [@bib32]Fall detectionTriaxial accelerometer and triaxial gyroscopeL5 lumbar positionActivities of daily livingKobsar 2017 [@bib33]Knee OsteoarthritisAccelerometersBack, thigh and shankHip-strengthening exercise interventionDenault 2017 [@bib34]BradykinesiaTriaxial accelerometersLeft & right upper arm, left & right forearm, left & right thigh, left & right hankClinical evaluation

Specific movement disorders such as essential tremor and Parkinson\'s disease (PD) motor symptoms, including tremor, bradykinesia, and dyskinesia, are some of the most explored for objective evaluation through wearable sensors. For example, the authors were able to successfully quantify tremor severity and distinguish between resting and postural tremors [@bib24]. The ability to replace standard gait and TUG tests with an objective system was also validated [@bib25]. The authors, on the other hand, introduced a dynamic method for tracking presence and intensity of tremor and dyskinesia in PD patients with an error rate below 10% [@bib26]. Another method for the detection of dyskinesia in PD patients is introduced in where activity classification in done prior to the detection of dyskinesia in order to enhance the accuracy of the system [@bib29], [@bib30]. While accelerometer data was used to estimate clinical scores of bradykinesia and showed good correlation with limb-specific scores [@bib34].

Wearable sensors have also been used to facilitate the implementation of home-based rehabilitation therapeutic programs post trauma or surgeries. Evaluation of rehabilitation programs for patients with Knee Osteoarthritis was done [@bib33], where accelerometers were used to determine post-intervention response for patients following a six week rehabilitation program. Another area which has been extensively researched includes monitoring activities of the elderly and individuals with disease and/or movement dysfunction, who are prone to falls and show a high risk of injury [@bib31], where the use of wearable sensors helped to identify gait changes in the elderly and distinguish between fallers and non-fallers. While the authors were able to distinguish between real-world falls and normal activity using lumbar-positioned sensors with an accuracy of 88% [@bib32].

It is worth noting that identifying the context in which the movement disorder/disability is occurring offers significant insight into the patient\'s condition. For example, in the case of fall risk assessment for elderly patients or patients who are prone to falls, the rate of occurrence can determine the patient\'s overall condition and progress. While in the case of patients suffering from movement disorders brought on by neurological diseases such as PD, then features relative to the quality of movement and overall physical activity offers information about the patient\'s disease progression and response to therapeutic plans.
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Discussion and conclusion {#sec4}
=========================

The ability to capture movement data and employ it to optimize treatment strategies relies on the understanding of behaviors that occur over long periods of time. In the absence of continuous visual observation, providing context to the measured quantities is essential in identifying the incidents occurring. Many of the already published literature has been reviewed [@bib35], [@bib36], [@bib37], [@bib38] and it has been shown clear that the results displayed in these studies are highly dependent on the variable sensing modules, protocols and processing techniques.

The transition from subjective towards objective and automated assessment methods of movement disorders is a process that requires the integration of the several aspects of movement analysis. Furthermore, monitoring activities and providing descriptive measures of certain parameters, such as gait or posture analysis, gives physicians and nurses the ability to better assess a patient\'s condition. A better understanding of the progression and/or deterioration of physical activities could play a major role in early diagnosis, allowing for more efficient treatment and consequently lower healthcare costs.

While it seems that the interest in applying wear-able sensors for the evaluation of patients suffering from movement disorders is only increasing, a general consensus on standards, such as sensor placement and evaluation techniques, is imperative for their eventual implementation in clinical practice.
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